In recent years, we are studying on the seed-mediated growth method as a new strategy to attach and grow metal nanoparticles on conducting substrates, such as indium tin oxide (ITO).
Introduction
Metal nanoparticles (NPs) have been attracting active attention in recent years because of their unique optical, electronic, magnetic, and catalytic properties. For example concerning gold NPs (AuNPs), the assembly, super-molecular chemistry, quantum-size related property, and applications toward biology, catalysis and nanotechnology have been summarized in a review 1) .
Bottom-up type preparation methods of metal
NPs in solution are well-known and established in the field of chemistry, e.g., as reported for AuNPs 2, 3) . However, if we would like to use the formed metal NPs as functional materials for some devices with solid supports, the metal NPs formed in solution have to be fixed on or into the substrates.
Because interesting characteristics of metal NPs might diminish when they gather to form larger clusters, it is necessary to fix or attach the NPs keeping moderate dispersion. Thus, the development of such attachment methods with appropriate dispersion seems to be very important to make the best use of the characteristics of metal NPs for nanocomposite-devises, such as electronic, sensing and optical devises.
As a method to attach AuNPs on the surfaces, propyl-trimethoxysilane has been adopted utilizing the bonding ability of the silanol group toward the glass surfaces and the affinity of -SH or -NH 2 group toward the AuNPs 4) .
At present, the use of peculiar binder molecules seems to have become a standard strategy to attach AuNPs onto the substrate surfaces. However, it is expected that the characteristics of metal NPs such as conductivity and catalytic ability might be strongly affected by the chemical reagents surrounding or binding them.
Thus, although the use of bridging reagents is undoubtedly effective in some respects, such as size-uniformity and rigid-fictionalizations of metal NPs, the reagents might become interferences in utilizing the interesting characters of metal NPs.
If we could attach metal NPs on the conducting substrates without using peculiar binder molecules, it is expected that we can fabricate novel conducting mono-dispersed materials with unique electrochemical properties involving both the metal NPs and the conducting substrates.
Thus, we developed the seed-mediated growth method for surface modification with metal NPs, in particular, on the surfaces of indium tin oxide (ITO).
Seed-mediated growth method for attachment and growth of gold nanoparticles on ITO
As the start of our trials, we apply a seedmediated growth method, which was originally developed by Murphy and coworkers for synthesizing Au nanorods in aqueous solution by the chemical reduction of HAuCl 4 5,6) , to the formation of AuNPs on the ITO surfaces 7) .
As the actual procedures, a piece of ITO coated glass was washed with sonication in acetone and then pure water. The washed ITO substrate was dried in the air, and ready for the immersion in the seed solution.
The seed solution was prepared typically by adding 0.5 mL of cooled pure water solution of 0.1 M NaBH 4 into 19.5 mL of pure water solution containing 0.25 mM HAuCl 4 and 0.25 mM trisodium citrate with stirring. In this preparation procedure, it has been reported that the Au nano-seed particles of 3.5 nm were formed in the seed solution 5) .
Next, we immersed the ITO substrate into this seed solution to attach the Au nano-seed particles on the surface. Actually, the ITO sample was just left in the seed solution typically for 2 hours without particular treatments. Then, the ITO substrate was taken out from the seed solution, and the surface was washed carefully by flushing pure water over the surface for several times. The water remained on the surface was removed using tissue paper by just touching the edges of the glass.
After blowing the surface of the ITO with N 2 gas until dry, it was immersed next in the growth solution, which was prepared typically by adding . The second approach is an attempt to grow high-density AuNPs on ITO surfaces using a "touch" seeding technique instead of the "normal" seeding in the seed-mediated growth procedure 16) .
This approach provided a simple and useful strategy to promote the growth of AuNPs on ITO surfaces by simply touching the surface that has already been covered with a drop of Au nano-seed solution with a tissue paper.
The FE-SEM characterization of the growth of AuNPs on two different structured ITO, i.e., rough and smooth structures ( Fig. 3 and Fig. 4 ), has confirmed that this approach was commonly effective and prospective in fostering the growth of high-density AuNPs with a relatively small size (ca.
10 -30 nm) of spherical particles 16) . mM of citrate ions into the seed solution before seeding, followed by the growth treatment, in the seed mediated growth method 19) .
The repulsive power expected from the increased negative charges of citrate ions were not significant, but rather the dense attachment was promoted as the peculiar effect of citrate ions.
Such control of the AuNPs attachment on ITO would be practically effective because the dense attachment can be performed by just changing the composition of the seed solution.
Attachment and growth of gold nanoparticles on different substrates
The seed-mediated growth method for surface modification with AuNPs was applied to the surface treatments of various kinds of substrates.
It was because we considered some possibilities of specific chemical interactions on the ITO surfaces.
As the result, it was found that the attachment and growth of AuNPs were possible on the surfaces of all the examined materials, such as glassy carbon (GC), mica, stainless, epoxy resin, phenol resin and simple glass, etc. However, after attaching AuNPs with the seed-mediated growth method (Fig. 11) , the sluggish heterogeneous electron transfer kinetics at . The absorption spectra of Au nanoplateattached ITO implied anisotropic and specific optical characteristics of the modified ITO glasses.
To utilize the Au nanoplate-attached ITO as the electrode materials, we improved the robustness of the attachment using both CTAB and PVP as the capping reagents in the growth treatment. The proportion of the coverage with Au nanoplates was also improved as shown in Fig. 12B . 
Attachment and growth of silver nanoparticles on ITO
By applying the same seed-mediated growth method, we successfully attached silver nanosphere and nanorod particles on ITO surfaces 22) .
Similar to the cases of AuNPs, the attachment of silver NPs (AgNPs) could be performed without using bridging reagents, such as MPTMS, just through the two-step immersion into the seed solution first, and then into the growth solution that contained AgNO 3 , CTAB and a varied amount of ascorbic acid 22) .
It was found that the formed nanostructures The proposed preparation method of PdNPattached surfaces would be promising for the catalytic applications as well as the electrochemical uses.
Attachment of platinum nanoparticles on ITO and GC
We also tried to prepare the platinum NPs (PtNPs) on ITO surfaces using the seed-mediated growth method. However, in our preliminary trial, it was found that the seed-mediated growth method was difficult to apply to the fabrication of PtNP-attached ITO. It was because brown precipitates were appeared in the growth solution prepared with the same principle, i.e., mixing of K 2 PtCl 4 , CTAB and ascorbic acid, even before the seed-attached ITO was immersed.
In spite of this difficulty, after several trials, we have found that the attachment of PtNPs on ITO is possible by a rather simple method, i.e., the one-step in situ chemical reduction of PtCl 4 2-by ascorbic acid without using CTAB 25) . Figure   15A shows the FE-SEM image of PtNPs attached ITO surfaces prepared using the in situ reduction method. The attached PtNPs were spherical having an agglomerated nanostructure composed of small nano-clusters. From the morphological changes depending on the growth time, PtNPs were found to grow via the progressive nucleation mechanism 25) . Fig. 15 . FE-SEM images of PtNP-attached surfaces.
The substrates were (A) ITO 25) and (B) GC 26) .
PtNPs were attached and grown using the same in situ chemical reduction method for both (A) and (B). .
These results indicate that, in spite of the continuous nano-structures, nano-grains of PtNCF worked effectively for the catalytic electrolysis.
The present PtNCF can be regarded an interesting thin film material, which can be easily prepared by the one-step chemical reduction.
Non-linear optical properties of metal nanoparticle-attached ITO or glass
The metal NPs attached ITO or glass materials exhibit interesting non-linear optical characteristics.
For investigating these properties, we are now collaborating with Prof. Kityk's group, J. Dlugosz University, Czestochowa, Poland, and Prof.
Ebothe's group, Universite de Reims, Reims, France.
Up to now, various interesting non-linear optical properties of AuNPs [27] [28] [29] [30] [31] and AgNPs 32, 33) attached ITO or glass have been reported as the results of the collaborations.
Because our seed-mediated growth approach includes the chemical reduction process in solution, the doping of second ions can be easily carried out.
Thus, not only for the nanoparticles of pure metals, the luminescence properties of erbium ion doped AgNPs were reported 34) . Now, the targets of the collaborations are expanding to PdNPs 35, 36) and PtNPs 35) , together with the trials for NiNPs, which is now in progress.
In addition to the non-linear optical properties of metal NPs, the modification of glasses with metal NPs has a potential to be used as new type of substrates for spectroscopic detection. As the example, AuNP-attached glass plates were reported to be able to utilize in the surface plasmon resonance spectroscopy 37) .
Electrochemical measurements of biomolecules using AuNP/ITO electrodes
The AuNP/ITO electrodes can be utilized in the electrochemical measurements of biomolecules.
By posting the AuNP/ITO electrodes fabricated in our group to India, we are collaborating with Prof.
Goyal's group, Indian Institute of Technology Roorkee, Rooekee, India.
Many successful results have been obtained using the AuNP/ITO electrodes and mainly with a differential pulse voltammetry technique, e.g., for the electrochemical analysis of uric acid 38) , paracetamol 39) , atenolol 40) and nandrolone 41) . In addition, simultaneous electrochemical determination of guanosine and guanosine-5'-triphosphate 42) , adenosine and adenosine-5'-triphosphate 43) and dopamine and serotonin 44) were successfully carried out with the AuNP/ITO electrodes.
The AuNP/ITO electrodes might be not very tough, and the modified surfaces are difficult to renew if once damaged. However, Prof. Goyal's group used the AuNP/ITO electrodes carefully and obtained many results. This may be an evidence of practical robustness of the AuNP/ITO electrodes prepared using our seed-mediated growth method.
Conclusions
We found the validity of the seed-mediated 
